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Organelles produce ATP and a variety of vital metabolites, and are indispensable
for plant development. While most of their original gene complements have been
transferred to the nucleus in the course of evolution, they retain their own genomes
and gene-expression machineries. Hence, organellar function requires tight coordination
between organellar gene expression (OGE) and nuclear gene expression (NGE). OGE
requires various nucleus-encoded proteins that regulate transcription, splicing, trimming,
editing, and translation of organellar RNAs, which necessitates nucleus-to-organelle
(anterograde) communication. Conversely, changes in OGE trigger retrograde signaling
that modulates NGE in accordance with the current status of the organelle. Changes in
OGE occur naturally in response to developmental and environmental changes, and can
be artificially induced by inhibitors such as lincomycin or mutations that perturb OGE.
Focusing on the model plant Arabidopsis thaliana and its plastids, we review here recent
findings which suggest that perturbations of OGE homeostasis regularly result in the
activation of acclimation and tolerance responses, presumably via retrograde signaling.
Keywords: organellar gene expression, plastid, retrograde signaling, Arabidopsis, acclimation
INTRODUCTION: THE PLASTID GENE-EXPRESSION
MACHINERY IS OF MIXED GENETIC ORIGIN
Like mitochondria, plastids – as descendants of cyanobacterium-like progenitors – are of
endosymbiotic origin (Raven and Allen, 2003). During evolution, plastids have lost most of their
genes to the nucleus, and the plastid genomes of embryophytes contain only 90 to 100 genes (Wicke
et al., 2011). However, plastids contain 3000–4000 proteins which function in photosynthesis,
the biosynthesis of fatty acids, amino acids, hormones, vitamins, nucleotides, and secondary
metabolites, and intracellular signaling (Leister and Kleine, 2008). Thus, plastids encode only
a small fraction of the proteins needed to sustain the processes they host. The relatively few
genes remaining in the organelles code for proteins involved in plastid gene expression (PGE)
or energy production. But while its gene complement is small, PGE is a very complex process.
This is because plastids have retained a prokaryotic gene-expression apparatus which is combined
with eukaryotic inventions, and its polycistronic transcripts must undergo numerous post-
transcriptional maturation steps (Figure 1). In higher plants, plastid transcription is performed by
three different RNA polymerases: two monomeric, nucleus-encoded (NEP) RNA polymerases and
a plastid-encoded (PEP) E. coli-like enzyme (Lerbs-Mache, 2011; Börner et al., 2015). Moreover,
the multisubunit enzyme requires a set of polymerase-associated proteins (PAPs) and sigma factors
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FIGURE 1 | Transcription of chloroplast genes and maturation of chloroplast RNAs. Most of the chloroplast genes are organized in operons, and are
transcribed as polycistronic RNAs from single promoters (bent arrow). Transcription of chloroplast mRNA depends on two types of RNA polymerases, a
plastid-encoded PEP and one or two nucleus-encoded NEPs. The primary transcript undergoes several steps of maturation that include 5′ and 3′ end processing,
intercistronic cleavage, 5′ and 3′ end maturation, intron splicing and RNA editing to produce functional RNAs. For these events to take place, a whole series of
nucleus-encoded proteins are needed (blue oval or segmented circles). Mature plastid RNAs are translated by bacterial-type 70S ribosomes using the set of tRNAs
encoded by the plastid genome.
(SIGs) for function, which are themselves encoded in the nucleus
(Lerbs-Mache, 2011; Börner et al., 2015; Chi et al., 2015).
The polycistronic RNAs synthesized by plastid polymerases
require extensive processing, including 5′ and 3′ trimming,
intercistronic cleavage, splicing and editing, for which a
plethora of nucleus-encoded proteins are needed (Figure 1;
del Campo, 2009; Stern et al., 2010; Hammani et al.,
2014; Kleine and Leister, 2015; Schmitz-Linneweber et al.,
2015). Plastid proteins are synthesized by bacterial-type 70S
ribosomes using a set of tRNAs that is entirely encoded in
the plastid genome (Tiller and Bock, 2014; Sun and Zerges,
2015). The plastid ribosome itself consists of the large (50S)
and small (30S) multi-component ribosomal subunits, each
comprising one or more plastid-encoded ribosomal RNA
species (rRNAs), and furthermore, plastid- and nuclear-encoded
proteins (Yamaguchi and Subramanian, 2000; Yamaguchi et al.,
2000).
IMPACT OF ENVIRONMENTAL
CHANGES ON THE PGE MACHINERY
Plastid gene expression is crucial for plant development and
photosynthesis, and must therefore respond appropriately to
developmental and environmental changes. It does so, in part, by
modifying transcription levels. Thus, the hormone abscisic acid
(ABA) represses the transcription of plastid genes (Yamburenko
et al., 2013), and also the circadian clock (Noordally et al.,
2013), light, temperature and plastid development differentially
modulate transcription in the plastid (reviewed in: Börner
et al., 2015). Recently, it was proposed that light-related plastid
transcriptional responses are integrated by especially SIG5
(Belbin et al., 2017). In detail, the transcriptional response
to light intensity, as well as the response to the relative
proportions of red and far red light through phytochrome
and photosynthetic signals, and the circadian regulation of
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plastid transcription (which is predominantly dependent on
blue light and cryptochrome), are regulated by SIG5 (Belbin
et al., 2017). In bacteria, responses to stress rely mainly
on phosphorylation-dependent signal transduction systems,
which act upon transcriptional regulons either by activating
DNA-binding two-component response regulators or sigma
factors (Marles-Wright and Lewis, 2007). The example of the
involvement of SIG5 in several light-dependent pathways (Belbin
et al., 2017) and that in general, SIG5 and SIG6 are involved in
multiple signaling pathways, suggest that this type of regulation
may also be important in plants (reviewed in: Chi et al., 2015).
Transcription rates of plastid genes have been shown to be
modulated by electron-transfer inhibitors and whether incident
light preferentially excites photosystem I or photosystem II
(Pfannschmidt et al., 1999). Another PEP-associated protein
is the plastid transcription kinase PTK, which responds to
changes in the thiol/disulfide redox state mediated by glutathione
(Baginsky et al., 1999), and has been shown to target SIG6
(Schweer et al., 2010). In organello run-on transcription and
phosphorylation assays indeed suggest that the regulation of
plastid transcription under different light intensities depends on
both glutathione and phosphorylation status (Baena-Gonzalez
et al., 2001).
Cluster analyses of plastid transcriptomes from mutants
with severe photosynthetic defects or from plants exposed
to stresses suggest that the accumulation of specific plastid
RNAs is regulated in response to the physiological state of the
organelle (Cho et al., 2009). Because organellar multiprotein
complexes – including many components of PGE and the
photosynthetic machinery – typically contain both plastid- and
nucleus-encoded subunits, tight coordination of the activity of
the two compartments is necessary. A part of this takes place at
the transcript level, as revealed by an analysis of co-regulation
based on 1300 transcription profiles obtained under different
environmental conditions and in different genetic backgrounds
(Leister et al., 2011). The tightest co-regulation was generally
observed for genes located in the same compartment. Strikingly
however, under stress conditions, nucleus-plastid coregulation
could predominate over intracompartmental networks, i.e.,
specific sets of nuclear and organellar photosynthesis genes were
co-expressed. Moreover, when genes were ranked according
to the number of situations in which their expression levels
were altered by at least twofold (Leister et al., 2011), NDHF
(the plastid gene for a subunit of NADH dehydrogenase) was
classified as “very highly responsive,” as it reacted in 104 of 413
tested states. Several other plastid genes were highly responsive,
showing that coordinated transcriptional regulation occurs on
a broader scale. The relevance of transcriptional control in the
plastid is underlined by changes in the expression of nucleus-
encoded sigma factors (which mediate transcription initiation
by PEP): SIG1 and SIG5 mRNA levels are regulated in 110
and 65 conditions, respectively (Leister et al., 2011) and other
studies confirm that sigma factors respond to environmental
conditions and are involved in acclimation processes (see above;
summarized in: Börner et al., 2015; Chi et al., 2015). Indeed,
SIG5 is considered as a multiple stress-responsive sigma factor
(Nagashima et al., 2004; Chi et al., 2015), because SIG5 is
induced by exposure to high light, low temperature, high salt
and high osmotic pressures (Nagashima et al., 2004), blue light
(Tsunoyama et al., 2002), and ABA (Yamburenko et al., 2015).
Steady-state mRNA levels at any given time reflect the
relationship between transcription rate and mRNA degradation
rate. In bacteria, the latter plays an important role in controlling
gene expression (Hui et al., 2014). Since sessile plant species
cannot escape from unfavorable environmental conditions, it
is conceivable that they have had to develop more flexible
response mechanisms. Indeed, it is generally accepted that the
control of PGE has shifted to post-transcriptional events over the
course of evolution (Barkan and Goldschmidt-Clermont, 2000;
Stern et al., 2010), especially in mature chloroplasts (Sun and
Zerges, 2015). Thus, unlike redox regulation of transcription
in mustard (Pfannschmidt et al., 1999) and ABA-mediated
repression of transcriptional activity of chloroplast genes in
barley (Yamburenko et al., 2013), levels of individual plastid
mRNAs in spinach (Klaff and Gruissem, 1991) and barley (Kim
et al., 1993) during plant development are mainly determined
by alterations in stability, with half-lifes of many hours or even
days – much more stable than bacterial mRNAs with typical
lifetimes of seconds to hours (Radhakrishnan and Green, 2016).
This suggests that the differential accumulation of chloroplast
mRNAs – at least under these conditions – is primarily regulated
at the post-transcriptional level. Consequently, RNA stability
is probably the dominant factor governing mRNA levels in
plastids. Interestingly, a genome-wide study of mRNA decay
rates in A. thaliana cell cultures showed that nuclear transcripts
encoding mitochondrial, chloroplast and peroxisomal proteins
tend to have a high proportion of transcripts with long half-
lifes (Narsai et al., 2007). This may be largely due to the
fact that many of the proteins known to be located in these
organelles are associated with intermediate metabolism and
energy. Interestingly, transcripts encoding pentatricopeptide
repeat (PPR) proteins, which have short half-lifes, are exceptions
to this generalization (Narsai et al., 2007). The latter finding
is corroborated by an analysis of mRNA half-life changes in
response to cold stress in Arabidopsis (Chiba et al., 2013).
When mRNA levels vary depending on developmental stage,
environmental factors or intracellular signals, earlier processing
events can be the main determining factor (Monde et al., 2000).
PPR proteins are important here also, for they are mainly
targeted to chloroplasts and/or mitochondria and, as RNA-
binding proteins, they participate in RNA editing, splicing,
stability, and translation (Barkan and Small, 2014).
ORGANELLAR GENE EXPRESSION AND
ACCLIMATION TO ABIOTIC STRESS
CONDITIONS
Many of the genes on which plastid and mitochondrial gene
expression (organellar gene expression; OGE) depends reside
in the nuclear genome, which provides for direct control of
OGE by nuclear factors (via “anterograde signaling”). Conversely,
organelles transmit information relating to their developmental
and metabolic states to the nucleus (“retrograde signaling”),
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enabling nuclear gene expression to be modulated in accordance
with their physiological needs (reviewed in: Kleine et al., 2009;
Chi et al., 2013; Bobik and Burch-Smith, 2015; Kleine and
Leister, 2016). Retrograde signals are presumed to originate
from OGE itself, the tetrapyrrole pathway, the redox state
of the organelles, levels of reactive oxygen species (ROS) in
the organelles (such as singlet oxygen, hydrogen peroxide,
superoxide anion radicals, and hydroxyl radicals) and metabolites
[such as cyclocitral, 3′-phophoadenosine 5′-phosphate (PAP)
and methylerythritol cyclodiphosphate (MecPP)] (reviewed
in: Kleine et al., 2009; Terry and Smith, 2013; Bobik and
Burch-Smith, 2015; Colombo et al., 2016; Dietz et al., 2016).
Recent research extends the previous view of retrograde
signaling to mainly affect transcriptional reprogramming to
also include posttranslational control, which involves the
ubiquitin-proteasome system (reviewed in: Woodson, 2016).
ROS signatures and metabolite signals control acclimation
processes involving the alteration of gene expression and
translation which is reviewed elsewhere (Dietz et al., 2016; Kleine
and Leister, 2016). Furthermore, a picture emerges in which
considerable cross-talk between established signaling pathways
takes place. As examples, retrograde signaling pathways converge
with photoreceptor pathways (Martin et al., 2016), regulation
of flowering time (Feng et al., 2016) and/or hormonal signaling
cascades (reviewed in: Bobik and Burch-Smith, 2015; Gollan
et al., 2015). In this review, we focus on the relationship between
OGE and acclimation responses to abiotic stresses.
The gun Mutants, ABA, and Abiotic
Stresses
Treatment with inhibitors of OGE, such as chloramphenicol or
lincomycin, or the carotenoid biosynthesis inhibitor norflurazon
results in reduced expression of nuclear genes encoding plastid
proteins (Oelmuller and Mohr, 1986). In the best-known
screen for retrograde signaling mutants, genomes uncoupled
(gun) seedlings were mutagenized and mutants that continued
to express a nucleus-encoded plastid protein in the presence
of norflurazon were selected (Susek et al., 1993). Recent
research confirms that functioning chloroplasts are essential for
plant acclimation to adverse environmental conditions (for an
overview, see Table 1). Inactivation of the H-subunit of the
plastid Mg-chelatase (GUN5) results in cold (4◦C) sensitivity,
and it was suggested that perturbation of plastid function in
gun5 mutants could result in inhibition of protein synthesis
and impair plant performance at low temperatures (Kindgren
et al., 2015). In this context, it is postulated that enhanced
tetrapyrrole biosynthesis might confer drought tolerance via ROS
detoxification (reviewed in: Nagahatenna et al., 2015).
A recurring feature of oge mutants is their atypical response
to ABA. The tetrapyrrole biosynthesis proteins GUN4 and
GUN5 (Voigt et al., 2010) and the plastid-targeted PPR protein
GUN1 (Cottage et al., 2010) enhance seedling development
in the presence of ABA. On the other hand, loss of the
mitochondrial PPR protein PENTATRICOPEPTIDE REPEAT
PROTEIN FOR GERMINATION ON NaCl (PGN) results in
hypersensitivity to ABA, glucose, and salinity (Laluk et al., 2011).
It was suggested that pgn plants accumulate large amounts
of ABA, and transcripts of ABA-related genes, as well as
mitochondrial transcripts, are up-regulated. Levels of ABI4
and ALTERNATIVE OXIDASE1a mRNAs, whose products are
known for their roles in mitochondrial retrograde signaling,
are particularly affected (Laluk et al., 2011). Thus, PGN is
assumed to help neutralize ROS in mitochondria during abiotic
and biotic stress responses, probably via retrograde signaling.
Another mutant with perturbed RNA metabolism, srrp1 (S1
RNA-binding ribosomal protein 1), in which intron splicing of
plastid trnL and processing of 5S rRNA were altered, does not
display any visible phenotype under normal growth conditions,
but seedling development is impaired in the presence of ABA
(Gu et al., 2015). Furthermore, mutants lacking WHIRLY1
were shown to be less sensitive to salicylic acid and ABA
during germination (Isemer et al., 2012a). The DNA-binding
protein WHIRLY1 can translocate from plastids to the nucleus,
making it one of the most promising candidate mediators of
signaling between organelles and the nucleus (Isemer et al.,
2012b). WHIRLY1 was recently proposed to serve as a redox
sensor in plastid-to-nucleus retrograde signaling and to mediate
cross tolerance, including acclimation responses (Foyer et al.,
2014). Finally, application of ABA can partially restore mRNA
expression of the nucleus-encoded plastid protein Lhcb1.2 in
NF-treated wild-type plants, supporting the view that OGE and
ABA signaling are interconnected (Voigt et al., 2010). Indeed,
the transcription factor ABSCISIC ACID INSENSITIVE4 (ABI4)
which has emerged as a central player in many signaling processes
during plant development (reviewed in: Léon et al., 2012), has
been directly associated with retrograde signaling (Koussevitzky
et al., 2007; Giraud et al., 2009). Interestingly, it was shown more
than a quarter of a century ago that, while abi mutations had
no apparent effect on freezing tolerance, cold-acclimated ABA
biosynthesis (aba) mutants were markedly impaired in freezing
tolerance (Gilmour and Thomashow, 1991), indicating that ABA
levels can affect freezing tolerance. In addition, temporal and
spatial interactions of ABA with ROS signals were shown to play
a key role in the regulation of systemic acquired acclimation of
plants to heat stress (Suzuki et al., 2013) and ABA is required for
plant acclimation to a combination of salt and heat stress (Suzuki
et al., 2016). The manifold links between ABA and acclimation
responses, and the ABA phenotypes of oge mutants, imply that
a functional OGE system is essential for proper acclimation
responses.
The hon, soldat, and mterf Mutants in
the Context of Abiotic Stresses
Treatments with synthetic inhibitors expose plants to highly
artificial conditions and are only effective if applied at an early
stage of seedling development (Oelmuller and Mohr, 1986). To
approximate physiological conditions more closely, a screen was
designed that used a reduced concentration of norflurazon and
low light levels. This resulted in the identification of happy on
norflurazon (hon) mutants, which remain green in the presence
of a low dose of norflurazon (Saini et al., 2011). Because some
hon mutations were mapped to genes coding for a subunit of
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the plastid-localized Clp protease complex (ClpR4= HON5) and
a putative plastid translation elongation factor (HON23), hon
mutations can clearly interfere with PGE (Saini et al., 2011).
Interestingly, hon seedlings were more resistant than WT to
simultaneous exposure to low temperature and high light (Saini
et al., 2011). The soldat8 and soldat10 (singlet oxygen-linked
death activator) seedlings identified in an earlier screen for
second-site mutations that suppress the singlet oxygen (1O2)-
mediated stress response of fluorescent (flu) seedlings (Coll et al.,
2009; Meskauskiene et al., 2009) behave similarly. The two soldat
lines are also mutated in genes for proteins related to PGE: soldat8
is mutant for SIG6 (see above; Coll et al., 2009) and soldat10
is defective in the gene encoding mitochondrial Transcription
Termination Factor1 (mTERF1) (Meskauskiene et al., 2009), thus
linking PGE to the 1O2-mediated cell-death responses.
Most members of the mTERF family, which are found in
metazoans (four each in human and mouse) and plants (35
in A. thaliana), are located in mitochondria and/or plastids,
where they regulate OGE at different steps of transcription
or translation (Kleine and Leister, 2015). Moreover, several
mterf mutants have been linked to stress responses. Thus mda1
(mterf5) and mterf9 seedlings are less susceptible to salt and
osmotic stresses, perhaps owing to reduced sensitivity to ABA
(Robles et al., 2012, 2015). The rug2-1 (mterf4) mutant is
sensitive to temperature stress. When grown at 26◦C, rug2-1
growth is arrested, whereas at 16◦C its mutant phenotype is
fully suppressed (Quesada et al., 2011). The concept of ROS as
retrograde signals in heat stress responses has been reviewed
elsewhere (Sun and Guo, 2016). An example for a perturbation
in OGE homeostasis contributing to enhanced thermotolerance
is the mterf18/shot1 mutant (Kim et al., 2012). The mitochondrial
mTERF18/SHOT1 protein was identified as a suppressor of hot1-
4 (a dominant-negative allele of HSP101) (Kim et al., 2012).
The increase in thermotolerance (after heat acclimation at 38◦C
for 90 min, followed by 2 h at 22◦C, then heat-shocked at
45◦C for several hours) in the shot 1 mutant is associated with
the accumulation of lower amounts of ROS, and thus a higher
tolerance of oxidative stress. Moreover, the plastid ribosomal
protein S1 (RPS1) is induced after 2 h of heat treatment (38◦C)
in the dark, and down-regulation of RPS1 has been shown to
severely impair the heat stress-activated expression of HsfA2 and
its target genes, resulting in a loss of heat tolerance (Yu et al.,
2012). Interestingly, the level of RPS1 is controlled by GUN1
(Tadini et al., 2016).
PGE and Chilling Tolerance
Plastid gene expression is also important for chilling (low but
not freezing temperatures; 4–12◦C) tolerance, as exemplified by
the rps5 mutant identified in a screen for genes required for
plastid development. The missense mutation in plastid ribosomal
protein S5 reduces growth rate and inner leaves remain pale
yellow. Furthermore, a variety of photosystem I and II proteins,
as well as plastid ribosomal proteins are underrepresented. Levels
of proteins associated with stress responses to cold stress are
decreased in rps5, and overexpression of plastid RPS5 improves
tolerance to cold (Zhang et al., 2016). In a systematic screen of
11,000 T-DNA A. thaliana insertion mutants for genes involved
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in chilling tolerance, 54 lines defective in 49 genes had a chilling-
sensitive phenotype. Of these genes, 16 encode proteins with
plastid localization, of which four are plastid ribonucleoproteins
(RNPs) (Wang et al., 2016). Three of the 16 – ORRM1, CP29A
and CP31A – were previously characterized. CP31A and CP29A
(for 31-kD and 29-kD chloroplast protein, respectively) are
required for the stability of various mRNAs at low temperatures,
and under these conditions they promote specific processing
steps (Kupsch et al., 2012). The organelle RNA recognition
motif (RRM) protein 1 (ORRM1) is an essential plastid editing
factor in A. thaliana and maize (Sun et al., 2013). The
newly identified RRM/RBD/RNP protein RBD1 binds directly
to 23S rRNA, and more strongly under chilling conditions
than at normal growth temperatures. Accordingly, the rbd1
defect in chloroplast protein synthesis is particularly severe at
low temperatures (Wang et al., 2016). Furthermore, the CRM
(chloroplast RNA splicing and ribosome maturation) family
member subfamily4 CFM4 (Lee et al., 2014) and the DEAD-
box RNA helicase RH3 (Gu et al., 2014) play a positive
role in seed germination and seedling growth under salt or
cold stress conditions, because seed germination and seedling
growth of the respective mutants are retarded under those
conditions.
CONCLUSION
The importance of OGE in stress acclimation responses has
become increasingly apparent in recent years. Perturbations
in OGE homeostasis trigger abiotic acclimation and tolerance
responses, presumably via retrograde signaling. Thus, further
studies on the molecular and physiological functions of OGE
proteins should elucidate their roles in such responses. Moreover,
as changes in proteins responsive to stress do not always
reflect changes at the transcript level, posttranscriptional and
translational mechanisms must be given more attention. Cell-
fractionation experiments, together with metabolomics studies
and the application of next-generation sequencing technologies
like mRNA-Seq, global run-on (GRO)-Seq and global ribosomal
profiling (Ribo-Seq), should ultimately allow us to assemble an
integrated picture of how environmental changes regulate sub-
cellular states and reveal the extent and nature of retrograde
signal transduction.
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